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N dealing with craniosynostosis, the neurosurgeon's major attention is directed to the specific sutures that are prematurely synostosed and to the overall medical status of the patient. The clinical geneticist's main concern is with the overall pattern of anomalies and which family members are affected. Patients with the same syndrome may have fusion of different sutures. Different classifications of the same phenomena may be equally valid for different purposes. When our concern is with the clinical description and surgical management of craniosynostosis per se, our perspective is anatomic. When our concern is with overall syndrome diagnosis and recurrent risk counseling, our perspective is genetic.
Anatomic Classification of Craniosynostosis
Classifications of craniosynostosis based upon anatomic considerations are numerous, 3'9"10'21'23'24'28'35'3840'62'64 but they involve certain problems. 1) Many terms have been employed inconsistently. For example, oxycephaly has been used not only to designate premature synostosis of all cranial sutures, but also for synostosis of the coronal plus one other suture. 2) There are no designations for some forms of simple craniosynostosis. We may use the term brachycephaly for coronal synostosis and scaphocephaly for sagittal synostosis, but we have no accepted terms for simple synostosis of the lambdoidal or squamosal sutures. 3) Designations used to describe craniosynostosis may also be used to describe skull shape without craniosynostosis, for instance, brachycephaly or trigonocephaly. 4) Anatomic classifications do not deal very well with partial or unilateral synostosis. 5) Designations for some complex forms of craniosynostosis do not exist. Oxycephaly may be used to refer to involvement of all sutures, but there are no terms for craniosynostosis involving the sagittal and lambdoidal sutures or the binary combination of sagittal and metopic synostosis. 6) Such classifications usually do not take into account the various sutures and synchondroses of the cranial base. 7) Craniosynostosis may be a singularly inappropriate term for some conditions. For example, in the Apert syndrome, it is possible that the mesenchymal blastema fails to form separate bones in the calvaria initially. If there are no sutures to begin with, craniosynostosis is an improper designation for what actually happens.
Our own anatomic "classification" can be applied to both isolated craniosynostosis and to syndromes with craniosynostosis (Table 1) . It is a loose classification that should be used with the above-mentioned limitations in mind. What is important anatomically and clinically is the clear description of which suture or sutures are involved and the extent of involvement irrespective of classification.
Genetic Forms of Isolated Craniosynostosis
Most cases of isolated craniosynostosis are sporadic. Familial instances are relatively uncommon. When they do occur, both autosomal-dominant 2,7,26,32'44,45'sS,e~ and autosomal_recessive~,17,18a4 26,36.eo forms are known. The dominant type is considerably more frequent than the recessive. In the dominant form, an affected individual has a 50% chance of having an affected offspring. If a pedigree has affected family members connected through two or more generations with both sexes affected, and at least one instance of male-to-male transmission, autosomaldominant inheritance is assured. In the recessive form, both parents are heterozygous carriers for the disorder, but are phenotypically normal, and there is a 25% risk of having affected offspring. If a pedigree has two or more affected siblings with both sexes represented and both parents are normal, autosomal-recessive inheritance is assured. Parental consanguinity may be evident in some autosomal-recessive pedigrees, and occurs with higher frequency the rarer the disorder.
There is probably further heterogeneity in both autosomal-dominant and autosomalrecessive types of isolated craniosynostosis. That is, even though the gene responsible for craniosynostosis is identical within the same family, it may not be the same in different families with an identical mode of inheritance. The possibility also exists that there may be X-linked and polygenic forms of isolated craniosynostosis. At present, the evidence for these possibilities is weak. However, such possible modes of inheritance In both the autosomal-dominant and autosomal-recessive forms of isolated craniosynostosis, the same suture may be synostosed in a given family. For example, all affected members may have premature synostosis of the sagittal suture or ,all affected members may have craniosynostosis involving the coronal suture. It is important to note, however, that in both types, different sutures may be involved in affected members of the same family. Finally, in both types, multiple suture synostosis or oxycephaly may occur in affected individuals in the same family. The features of the two genetic forms of isolated craniosynostosis are summarized in Table 2 .
In the genetic analysis of isolated craniosynostosis, there are a number of con- It should also be noted that with the small size of the human family, an autosomal recessive disorder will appear sporadically in more than half the cases. With a sporadic instance of autosomal recessive craniosynostosis, as with a sporadic instance of the dominant form, there is no way of detecting it as "recessive" or "dominant," although it may be either.
There can be still other confounding factors in the genetic interpretation of isolated craniosynostosis. In some families, incomplete study of various relatives makes genetic interpretation difficult or impossible. 23,2e,36 In others, incomplete penetrance or an incomplete form of isolated craniosynostosis makes interpretation difficult. For example, in a family in which several siblings have premature synostosis of the sagittal suture, and a parent has scaphocephaly without premature synostosis, an autosomal dominant mode of transmission with variation in expression is most likely. In this context, the parent with scaphocephaly only is minimally affected. It should be kept in mind that incomplete penetrance, variation in expression, or failure to examine relatives of the proband may result in the interpretation of recessive inheritance when, in some instances, the mode of transmission may be pseudorecessive, that is, autosomal-dominant inheritance masking as recessive inheritance.
Cloverleaf Skull Malformation
In the cloverleaf skull malformation (Kleeblattsch~idel), the skull is trilobular in shape with premature fusion of cranial sutures. The degree of clinical severity is variable, and different sutures may be involved in different patients. Synostosis may involve the coronal, lambdoidal, and metopic sutures with bulging of the cerebrum through an open sagittal suture or, in some cases, through open squamosal sutures. Synostosis of the sagittal and squamosal sutures with cerebral protrusion through a widely patent anterior fontanel may also be observed. Finally, a trilobular skull may occur with complete synostosis of all cranial sutures in some instances, or with widely patent sutures and no evidence of craniosynostosis at birth in other instances.
The condition is heterogeneous at the anatomic and histological levels? TM Most impo-tant, the cloverleaf skull malformation may be observed as an isolated anomaly or as part of a broader pattern of abnormalities. A number of genetic syndromes with the cloverleaf skull malformation are known and have been discussed elsewhere. 14 16 All conditions with the cloverleaf skull malformation known to date are summarized in Table 3 .
Syndromes Involving Craniosynostosis
As with the cloverleaf skull malformation, craniosynostosis in general may occur as an isolated abnormality or as part of a broader pattern of abnormalities, thus making up syndromes with craniosynostosis. In recent years, many new syndromes with craniosynostosis have come to light. All syndromes known to date are presented in Table 4 . As indicated elsewhere, 15 for genetic purposes, syndromes with craniosynostosis should never be classified on the basis of which particular sutures are prematurely synostosed. Different sutures may be synostosed in patients with the same syndrome. Nor should such syndromes be classified by the presence or absence of mental deficiency. Normal intelligence and mental deficiency may be observed in different patients with the same syndrome. It was once thought that all cases of the Carpenter syndrome were associated with mental deficiency, but at least one instance is now known in which the patient had normal intelligence. It is fair to say that mental deficiency accompanies some syndromes more frequently than others. Although normal intelligence and mental deficiency may be observed in different patients with either *Superscript reference numbers indicate sources where the syndrome is described.
the Apert syndrome or the Crouzon syndrome, mental deficiency is associated with the former much more frequently than with the latter. The syndromes presented in Table 4 are composed of a number of malformations, each of which is individually nonspecific. Each malformation may occur as an isolated abnormality or as a component of various syndromes. Because malformations occur with different frequencies in different syndromes, they are facultative rather than obligatory, 47 that is, they may or may not be present in a particular instance of a syndrome in which they are said to occur. Although congenital heart defects are c o m m o n in the Carpenter syndrome, many cases have a normal heart. In the 1 3 q -syndrome craniosynostosis may be a feature, although most instances do not have craniosynostosis.
P a t h o g n o m o n i c anomalies for various malformation syndromes are either nonexistent or very rare. Since individual malformations are both nonspecific and faculta- tive, syndrome diagnosis is made from the overall pattern of abnormalities. The more anomalies there are in a given syndrome, the easier the condition is to diagnose because, even if some of the features are not expressed, the overall pattern is still discernible. Conversely, the fewer abnormalities there are in a given syndrome, the more difficult the condition is to diagnose if some of its features M. M. Cohen, Jr.
are not expressed. In general, diagnosis of any syndrome with some of its features not expressed is more of a problem in a sporadic case than in a familial instance.
In Table 4 , some of the phenotypic characteristics listed under "Striking Features" may not be present in some cases. Furthermore, many anomalies that occur with low frequency are not listed. These may be found in the source material referred to in the table.
Our knowledge about syndromes involving craniosynostosis is summarized in Table 5 . At the present time, 37 such syndromes are known, a large number compared with what was known 10 years ago. We should expect other new syndromes with craniosynostosis to be discovered in the future. A number of craniosynostosis syndromes are spurious and have been discussed elsewhere. 15 Of the 37 syndromes listed in Table 5 , 25 are known genesis syndromes; that is, they are reasonably well delineated and their etiologies are known. Of these, monogenic syndromes make up the most common group. It is sometimes stated erroneously that malformation syndromes follow an autosomal-dominant mode of inheritance, but cannot be recessive. In fact, for the 18 monogenic syndromes with craniosynostosis, the autosomal-recessive syndromes outnumber the autosomal-dominant ones by a ratio of 10:8. It is also frequently stated that recessive conditions are always severe. However, in recessive syndromes with craniosynostosis, there is great variation; some conditions are very severe (Elejalde syndrome) and others are relatively mild (GorlinChaudhry-Moss syndrome).
Chromosomal and teratogenic syndromes with craniosynostosis are relatively uncommon. Until recently, it was thought that craniosynostosis was not to be found as a feature of chromosomal syndromes. We now know that chromosomal syndromes with craniosynostosis do occur, and three such conditions have been recognized.
Unknown Genesis Syndromes
Of the 37 syndromes with craniosynostosis, 12 represent unknown genesis syndromes. That is, their occurrence is sporadic to date, their etiologies are unknown, and they need to be further delineated. The significance of syn- In a large study of newborn infants with multiple anomalies (malformation syndromes), 42 only 40% had known, recognized entities. The other 60% represented "one-of-a-kind" syndromes that needed to be further delineated.
As an unknown syndrome becomes delineated, its phenotypic spectrum, its natural history, and its inheritance pattern or risk of recurrence become known, allowing for better patient care and family counseling. If the phenotypic spectrum is known, the clinician can search for suspected defects that may not be immediately apparent, such as a cardiac or renal anomaly in the Pfeiffer syndrome. If a certain complication can occur in a given disorder, such as a retinoblastoma in the 13q-syndrome, the clinician is forewarned. Finally, if the inheritance pattern or risk of recurrence is known, such as the 25% risk for the Carpenter syndrome, the parents can be counseled properly about future pregnancies. Thus, the overall treatment program gains rationality if the syndrome is delineated. In contrast, with sporadic, "one-of-a-kind," undelineated syndromes, treatment programs and overall management frequently leave something to be desired. A major task in clinical genetics is to delineate the unknown genesis syndromes as rapidly as possible. The neurosurgeon may be the first to see and identify a patient with a new malformation syndrome in which craniosynostosis is a feature. Two examples of distinctive syndromes of unknown genesis follow: Case 1. This baby boy had craniosynostosis involving the sagittal suture, scaphocephaly, mental deficiency, strabismus, overfolded helices, micrognathia, and congenital heart defect (possibly anomalous pulmonary venous return). He also suffered from umbilical hernia, complete anterior dislocation of the tibia and fibula with absent patella (allowing the knees to be flexed against the ventral surface of the body), talipes equinovarus, camptodactyly and ulnar deviation of fingers two through five bilaterally, and short first metacarpals with proximally placed thumbs (Fig. 1) . The patient was the product of a 40-week gestation. Pregnancy was normal except for breech delivery. Birth weight was 7 lbs.
A blood chromosome study was normal. Both parents were normal and consanguinity was denied. The father and mother were 33 years of age at the time of conception. There were no other full siblings. Each parent had two normal children by previous marriages.
Case 2. This 16-year-old youth had premature synostosis of the sagittal suture with pronounced scaphocephaly, severe mental deficiency, small low-set posteriorly angulated ears, preauricular tags bilaterally, tortuous ear canals, prominent occiput, downslanting palpebral fissures, dystopia canthorum, stellate iris pattern, highly arched palate, and micrognathia, He had a long neck, sloping shoulders, narrow thorax, pectus carinatum, mild winging of the scapulas, spina bifida at L-5, cubitus valgus, mild genua valga, left simian crease, long fingers and toes, and bifid renal pelvis bilaterally (Fig. 2) . At age 16, the patient is at the 50th percentile for height. His past history included seizures which were well controlled by medication, and bilateral inguinal herniorrhaphies. He was the product of a 34-week gestation. Pregnancy was complicated by hydramnios. Birth weight was 4 lbs 10 oz. Both parents were normal. The father and mother, whose first baby he was, were 19 and 18 years of age, respectively, at the time of conception. Consanguinity was denied.
As pointed out earlier, more than half of all malformation syndromes are not recognized as known entities at present. The discovery of a new malformation syndrome is equivalent to discovering a new disease. Careful evaluation of the overall pattern of abnormalities (including minor as well as major anomalies) is required. 
